Autophagy is primarily an efficient intracellular catabolic pathway used for degradation of abnormal cellular protein aggregates and damaged organelles. Although autophagy was initially proposed to be a cellular stress responder, increasing evidence suggests that it carries out normal physiological roles in multiple biological processes. To date, autophagy has been identified in most organs and at many different developmental stages, indicating that it is not only essential for cellular homeostasis and renovation, but is also important for organ development. Herein, we summarize our current understanding of the functions of autophagy (which here refers to macroautophagy) in the mammalian life cycle.
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I. INTRODUCTION
Autophagy is a catabolic process that is essential for cellular homeostasis and renovation through the elimination of large cytoplasmic components, such as abnormal protein aggregates and damaged organelles, via lysosomal degradation. The term 'autophagy' was first coined in 1963 by Christian de Duve, the discoverer of lysosomes. For a long time subsequently, research into autophagy was limited to morphological descriptions, due to the lack of an effective system for genetic analysis (Ohsumi, 2014) . In the 1990s, yeast genetic screening was employed to identify the molecules regulating autophagy, and this led to the breakthrough discovery of a series of autophagy-related (Atg) genes and their signal transduction pathways, which are critical for the induction and maintenance of autophagy (Tsukada & Ohsumi, 1993; Thumm et al., 1994; Harding et al., 1995) .
Autophagy has both anti-stress and physiological functions. On one hand, autophagy generates new building blocks and energy for anabolism upon nutrient deprivation or other stress by degradation of intracellular components, on the other hand, autophagy participates in cell homeostasis regulation and disease prevention by degrading damaged organelles or harmful components under normal conditions. Numerous studies have demonstrated that, under physiological conditions, autophagy takes place in a variety of tissues and organs, and at distinct developmental stages. These results indicate that autophagy is indispensable in the development and functional maintenance of normal tissues. Accordingly, the physiological roles of autophagy can be divided into two aspects: promoting cell remodelling during morphogenesis, and maintaining cellular homeostasis after maturation. As a result, autophagy has an important function in protection from various diseases, such as neurodegeneration, liver disease, and cancer (Kundu & Thompson, 2008; Deretic, Saitoh & Akira, 2013; Santana-Codina, Mancias & Kimmelman, 2017) .
In this review, we firstly outline the molecular mechanisms of autophagy, then summarize progress in understanding basal autophagy in mammals. We also attempt to delineate the physiological roles of autophagy throughout the mammalian life cycle.
II. THE MOLECULAR MECHANISMS OF AUTOPHAGY IN MAMMALS
In mammalian cells, the three primary types of autophagy are defined as macroautophagy, microautophagy, and chaperone-mediated autophagy. Macroautophagy, the classic type of autophagy, is the most widely studied. Its distinctive feature is the formation of double-membrane vesicles (autophagosomes), which contain substrates for degradation and eventually fuse with lysosomes. Autophagy can be categorized as non-selective or selective. Non-selective macroautophagy randomly engulfs cytoplasmic components into autophagosomes for lysosomal degradation. Selective macroautophagy, however, specifically recognizes and degrades a particular cargo, either a protein complex or an organelle such as a mitochondrion. Mitophagy, which can occur by either macro-or microautophagy, refers to selective removal of superfluous or damaged mitochondria with the help of mitochondrial autophagy receptors. Herein, we summarize the roles of macroautophagy (referred as autophagy hereafter) in the mammalian life cycle.
An important function of autophagy is to degrade long-lived proteins. This process is regulated by a series of protein complexes (Fig. 1) . These complexes, which are made up of distinct sets of ATG proteins, form the core autophagy machinery and are responsible for autophagy induction, autophagosome formation, autophagosome trafficking, and fusion of autophagosomes with lysosomes (Fig. 2) .
(1) Autophagy induction
Autophagy is induced by many stimuli, including nutrient deficiency (e.g. amino acids, glucose), withdrawal of growth factors (e.g. insulin and insulin-like growth factors), reduced cellular energy levels (e.g. ATP), extra-or intracellular stress [e.g. endoplasmic reticulum (ER) stress, hypoxia, oxidative stress], and pathogenic infections (He & Klionsky, 2009) . Amino acid or growth factor deprivation are the most effective stimuli inducing autophagy, and both are linked to the mammalian target of rapamycin (TOR) complex 1 (mTORC1) pathway (Sengupta, Peterson & Sabatini, 2010) . TOR is an important serine/threonine protein kinase involved in regulating cellular metabolism by sensing nutrient signals. In nutrient-sufficient conditions, mTORC1 Fig. 1 . The major complexes and conjugating systems of autophagy in mammals. The Unc-51-like kinase (ULK) complex, composed of ULK1/2, the focal adhesion kinase family-interacting protein of 200 kD (FIP200), autophagy related 13 (ATG13) and ATG101, is crucial for autophagy induction. Class III phosphatidylinositol 3-kinase (PI3K) complex contains an important catalytic subunit, vacuolar protein sorting 34 (VPS34), which is recruited by the ULK complex and is essential for initiating autophagosome assembly. The ATG12 and microtubule associated protein 1 light chain 3 (LC3) systems are two ubiquitin-like (Ubl) conjugation systems. Their activation requires different ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2) and ubiquitin ligase enzyme (E3)-like enzymes, and they function in autophagosome expansion and maturation. BECN1, beclin 1; BH3, BCL2 homology region 3; IM, isolation membrane; mTORC1, mammalian target of rapamycin complex 1; PE, phosphatidylethanolamine.
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Fig. 2.
The molecular mechanism of autophagy in mammals. Starvation or other triggers cause inhibition of the mammalian target of rapamycin complex 1 (mTORC1), leading to activation of the Unc-51-like kinase (ULK1) complex. This complex then modulates the translocation of Class III phosphatidylinositol 3-kinase (PI3K) complex to the endoplasmic reticulum (ER), which facilitates nucleation and assembly of the isolation membrane (IM). Autophagy related 9 (ATG9) can carry membranes from other components to promote IM expansion, which plays an important role in the early stages of autophagosome formation. In addition, two ubiquitin-like conjugation systems, the microtubule associated protein 1 light chain 3 (LC3) system and the autophagy related 12 (ATG12) system, are critical for IM elongation and closure. After the autophagosome forms, it fuses with lysosomes or endosomes to eventually form an autolysosome. The contents of the autophagosome are then degraded and recycled to the cytoplasm. BECN1, beclin 1; DFCP1, double FYVE domain-containing protein 1; FIP200, the focal adhesion kinase family-interacting protein of 200 kD; PE, phosphatidylethanolamine; PI3P, phosphatidylinositol 3-phosphate; VPS34, vacuolar protein sorting 34; WIPI2, WD repeat domain, phosphoinositide interacting 2.
phosphorylates Unc-51-like kinase 1 (ULK1) and ATG13 (Hosokawa et al., 2009; Kim et al., 2011) , which are both components of the ULK1 complex, to prevent autophagy initiation. Once the activity of mTORC1 is inhibited by starvation, rapid dephosphorylation of ATG13 may promote the formation of a stable complex between ATG13 and ULK1, focal adhesion kinase family-interacting protein of 200 kD (FIP200) and ATG101 (Fig. 2) . ULK1, the only protein kinase among the core ATG proteins, is crucial for modifying and recruiting downstream ATG proteins, including ATG13 and FIP200, to trigger autophagy (Jung et al., 2009) .
Interestingly, recent studies have shown that mTOR and 5'-AMP-activated protein kinase (AMPK) coordinate to regulate cellular nutrient and energy signals to maintain cellular homeostasis through phosphorylation of ULK1 at distinct serine residues (Kim et al., 2011) . Under conditions of cellular energy deficiency, AMPK phosphorylates ULK1 at Ser (555) to disrupt the interaction between mTOR and ULK1, resulting in activation of autophagy. Accordingly constitutive phosphorylation of ULK1 by AMPK, but not mTOR, has been shown to protect normal autophagy flux in embryonic stem cells (ESCs) to maintain their stemness properties (Gong et al., 2018) .
(2) Autophagosome formation
Upon ULK1 complex formation, the class III phosphatidylinositol 3-kinase (PI3K) complex I is recruited to the isolation membrane (IM), which is the autophagosomal precursor that functions in the initial sequestering of cargos. PI3K complex I is required for IM nucleation and assembly. Its main component vacuolar protein sorting 34 (VPS34), the catalytic subunit of the PI3K complex, is recruited by ULK1 and produces phosphatidylinositol 3-phosphate (PI3P) at initiation sites. PI3P is critical for autophagosome formation and is considered a marker of autophagosome membranes. Although the origin of the IM is still controversial, several lines of evidence indicate that the ER provides the membrane to initiate IM formation in mammals. Evidence for this is the presence of a PI3P-rich area in the ER membrane with an -like shape, termed the omegasome (Mizushima, Yoshimori & Ohsumi, 2011) . The omegasome is also the location of the PI3P downstream effector double-FYVE-containing protein 1 (DFCP1), another marker of IM initiation sites (Axe et al., 2008; Hayashi-Nishino et al., 2009) . Morphological observations also reveal that most IM initiation sites are located in the close vicinity of the ER microdomains (Hayashi-Nishino et al., 2009; Yla-Anttila et al., 2009; Uemura et al., 2014) . After the ULK1 and PI3K complexes become localized to the ER-derived omegasomes, other ATG proteins are recruited and facilitate IM expansion (Fig. 2) .
In addition to recruiting the PI3K complex, the ULK1 complex can also recruit ATG9 to the IM. ATG9, the only transmembrane protein among the core ATG proteins, shuttles between the IM and other membrane components (at least the trans-Golgi network, plasma membrane and endosomes) in the form of ATG9 vesicles (Fig. 2) . Its transport seems dependent on WIPI2 (a homolog of yeast ATG18) and the WIPI2-interacting protein ATG2 (Lu et al., 2011; Orsi et al., 2012) . Therefore, ATG9 vesicles are considered to be carriers of membranes to promote IM expansion. The mitochondrial membrane has also been shown to be a major contributor to expansion (Hailey et al., 2010) .
During the process of expansion, two ubiquitin-like (Ubl) conjugation systems are essential: the microtubule associated protein 1 light chain 3 (LC3) system and the ATG12 system (Figs 1 and 2). Both LC3 and ATG12 are Ubl proteins. ATG12 is successively activated by ubiquitin-activating enzyme (E1)-like enzyme ATG7 and ubiquitin-conjugating enzyme (E2)-like enzyme ATG10, then conjugated to ATG5 to form an ATG12-ATG5-ATG16L1 complex on the IM (Fig. 2) . Recent studies have shown that recruitment of ATG12-ATG5-ATG16L1 requires WIPI2 to link LC3 conjugation (see below) with PI3P at the site of autophagosome formation (Dooley et al., 2014) , This suggests that the ATG18/WIPI family has an important role in assembling the conjugation system.
Before undergoing conjugation, the LC3 precursor must be cleaved by the cysteine protease ATG4 to reveal the C-terminal glycine. The product, cytosolic LC3-I, is then activated by E1-like enzyme ATG7 and E2-like enzyme ATG3, and finally conjugated to phosphatidylethanolamine (PE) to yield the membrane-associated LC3-PE (LC3-II) (Kabeya et al., 2004) . Unlike ATG12 conjugation, the last step in ATG3 conjugation requires an ubiquitin ligase enzyme (E3)-ligase, ATG12-ATG5-ATG16L1 complex (Hanada et al., 2007) . Studies have revealed that ATG12 only localizes on the IM, whereas LC3-II is found on the autophagosomal membrane throughout the whole process of autophagosome formation and tethering/fusing with lysosomes (Nakatogawa, Ichimura & Ohsumi, 2007) .
(3) Fusion of the autophagosome with lysosomes
The precise mechanism of autophagosome-lysosome fusion is still elusive. Three intracellular membrane-traffickingassociated protein families, RAS-related GTP-binding protein (RAB) GTPases, membrane-tethering complexes, and soluble-N-ethylmaleimide-sensitive factor attachment protein receptors (SNARE) proteins, are known to be involved in this process (Bento et al., 2016) . In addition, evidence has shown that the microtubule system is essential for trafficking mature autophagosomes from random initiation sites towards the perinuclear area (Jahreiss, Menzies & Rubinsztein, 2008) , where they fuse with endosomes or lysosomes. Furthermore, the class III PI3K complex II, in which ATG14L is replaced by UV irradiation resistance-associated gene (UVRAG), acts in regulating the trafficking of mature autophagosomes to lysosomes (Bento et al., 2016) .
In mammals, as well as directly fusing with lysosomes, autophagosomes can first fuse with endosomes and then traffic to lysosomes to form autolysosomes (Berg et al., 1998) . Upon autolysosome formation, the cargos are degraded by lysosome-derived hydrolases, then recycled to the cytoplasm to participate in the next round of biosynthesis or energy generation.
III. THE ROLES OF AUTOPHAGY IN THE MAMMALIAN LIFE CYCLE
As an evolutionarily conserved process, autophagy exists in all eukaryotic organisms, from unicellular yeasts to higher mammals. In lower organisms, such as Saccharomyces cerevisiae, Dictyostelium discoideum, and Caenorhabditis elegans, it is comparatively easy to study the functional involvement of autophagy in developmental processes. For instance, genetic-screening studies have shown that yeast strains with Atg gene mutations are unable to differentiate into spores under nutrient-limiting conditions (Tsukada & Ohsumi, 1993) . In C. elegans, mitochondrial accumulation was observed to be associated with a decline in mitophagy during aging, indicating that mitophagy is crucial in anti-aging (Palikaras, Lionaki & Tavernarakis, 2015) . However, in mammals, the roles of autophagy are more complicated and relatively hard to delineate. Nevertheless, the physiological roles of autophagy in mammals during different development stages are gradually being uncovered, due to the availability of model systems with conditional loss or gain of autophagy function through modification of Atg genes (Fig. 3) .
(1) Autophagy in the development of preimplantation embryos Among the characteristics of mammals, viviparity and lactation endow their offspring with a high survival rate. The associated developmental features may be reflected in the functions of autophagy. Below, we discuss the roles of autophagy in the development of mammalian early embryos.
(a) Autophagy in fertilization
Embryonic development begins with the fertilization of the egg by sperm. In mice, autophagy is triggered by calcium oscillation during sperm-oocyte fusion rather than at the ovulation stage (Tsukamoto et al., 2008b) . During fertilization and early embryonic development, certain intracellular materials derived from oocytes and sperm must be degraded (Stitzel & Seydoux, 2007) . For example, mitochondria in sperm are degraded during fertilization, and this mitochondrial degradation is crucial for maternal cytoplasmic inheritance (a universal principle in animals, in which the offspring inherit only maternal cytoplasm). The elimination of sperm-borne mitochondria was originally thought to occur through the autophagy pathway because autophagy markers, such as LC3, were detected around the paternal mitochondria (Al Rawi et al., 2011) . However, later research suggested that LC3 occurs only transiently and detaches from mitochondria before they are degraded. Furthermore, some undegraded paternal mitochondria are unevenly distributed in blastomeres and converge in several cells (Luo et al., 2013; Jin et al., 2016) . Although controversy still exists, some recent studies provide clues about this process. Rojansky, Cha & Chan (2016) carried out gain-or loss-of-function assays on two non-lethal mitophagy-related E3 ubiquitin ligases, parkin RBR E3 ubiquitin protein ligase (PARKIN) and mitochondrial E3 ubiquitin protein ligase 1 (MUL1), revealing that mitophagy is required for elimination of paternal mitochondria. Song et al. (2016) showed that elimination of paternal mitochondria requires both sequestosome 1 (p62/SQSTM1)-dependent autophagy and the valosin containing protein (VCP)-associated ubiquitin-proteasome system. Further studies are required to delineate the exact function of autophagy in this process.
(b) Autophagy in cleavage
After fertilization, the level of autophagy in mice is high between the one-and the four-cell stage, although there is a transient depression from the late one-cell stage to the middle of the two-cell stage. This transient depression might be to protect newly synthesized nuclear factors that are necessary for reprogramming (Egli et al., 2007; Tsukamoto, Kuma & Mizushima, 2008a) . The autophagy level then declines after the four-cell stage. Unlike in mice, autophagy in porcine parthenotes initiates at the one-cell stage and then gradually declines through the two-cell stage to the blastocyst stage (Xu et al., 2012) . This implies that autophagy levels are not identical in different species.
Studies have revealed an essential role of ATG proteins in early embryonic development. Mouse embryos generated by fusing Atg5-null oocytes with Atg5-null sperm arrest at the four-to eight-cell stage and cannot reach the blastocyst stage (Tsukamoto et al., 2008b) . Evidence from protein synthesis analysis suggests that new protein synthesis is blocked by Atg5 deficiency because autophagy is impaired and cannot degrade old proteins to provide amino acid substrates (Tsukamoto et al., 2008b) . In support of these findings, beclin1 −/− and vps34 −/− mouse embryos are also unable to accomplish embryogenesis (Yue et al., 2003; Zhou, Takatoh & Wang, 2011) . Together, these findings suggest that autophagy prevents a growth block during early embryonic development.
(c) Autophagy in embryonic stem cells
At the blastocyst stage, embryonic cells undergo preliminary differentiation into two types: trophoblast cells and inner cell mass (ICM) cells. Additionally, a cavity appears in the trophoblast, called the blastocoel. Its formation is thought to be associated, at least partially, with autophagic cell death (or autosis, a type of programmed cell death). Deficiency of Atg genes, such as Atg5 or Beclin1, leads to cell corpse accumulation in embryoid bodies (EBs) and failure to cavitate (Qu et al., 2007) . Such defects might be due to a shortage of 'eat-me' signals (phosphatidylserine exposure) and 'come-get-me' signals (lysophosphatidylcholine). These results suggest that there is a relationship between autophagy and apoptosis, in accordance with the findings of Yousefi et al. (2006) that ATG5 can promote apoptosis.
Of the two constituents of the blastocyst, the trophoblast is destined to become the placenta, while the ICM will develop into the foetus. The fact that the ICM forms all the foetal cells and tissues indicates its ability for pluripotency. ICM cells can be isolated and cultured in vitro as a pluripotent stem cell line, named embryonic stem cells (ESCs). ESCs represent an ideal model for the study of embryonic development in vitro. By establishing human ESC lines with stable green fluorescent protein (GFP)-LC3 expression, Tra et al. (2011) observed that autophagy occurred at basal levels in undifferentiated human ESCs, but was upregulated upon differentiation. Besides differentiation, autophagy can be enhanced by oxidative stress in ESCs. Under oxidative stress, autophagy and mitochondrial function seem to be regulated by sirtuin 1 (SIRT1), partly through the class III PI3K/beclin 1 (BECN1) and mTOR pathways (Ou et al., 2014) . Correspondingly, class III PI3K-deficient ICM cells lose the ability to form colonies in culture (Zhou et al., 2011) .
The primary cilium is a sleuder protuberance existing on nearly all cell surfaces, which senses extracellular physical or chemical stimuli and transmits them to the nucleus. Based on the discovery that the primary cilium is expressed in ESCs (Kiprilov et al., 2008) and interacts with autophagy (Pampliega et al., 2013) , Gregory et al. (2016) proposed a Fig. 3 . Autophagy plays essential roles during the mammalian life cycle. Representative research publications documenting the physiological roles of autophagy are summarized, according to development stage. These studies span from fertilization, cleavage, implantation, foetal development and postnatal development, to the next generation of gametogenesis, indicating that autophagy has important functions during the whole mammalian life cycle. ESC, embryonic stem cell; iPSC, induced pluripotent stem cell. model in which autophagy interacts with the primary cilium to maintain the function of pluripotent stem cells. Starvation is sensed by the primary cilium to induce autophagy, which results in the development and differentiation of pluripotent stem cells; normal nutrition attenuates autophagy, which results in self-renewal and reprogramming of pluripotent stem cells. By exploring the role of primary cilium-induced autophagy in the differentiation of ESCs, Jang et al. (2016) demonstrated that autophagy was elevated once ciliation increased, driving human embryonic stem cells (hESC) commitment to a neuroectoderm but not mesendoderm fate. These data indicate that autophagy plays important roles during the early differentiation of ESCs.
Autophagic flux encompasses the entire dynamic process of autophagy including autophagosome synthesis, delivery of autophagic substrates to the lysosome, and degradation of autophagic substrates inside the lysosome. It precisely reflects the intensity of autophagic degradation activity. Recently, high autophagic flux was identified as an intrinsic characteristic of mouse ESCs for maintenance of pluripotency (Liu et al., 2017) . The ESCs harness a substantial infrastructure, which includes enhanced expression of autophagy machinery genes driven by forkhead box O1 (FOXO1), to guard the autophagic flux for maintenance of stemness. Loss of expression of the autophagy genes Atg3 or Ulk1 in ESCs leads to accumulation of damaged mitochondria and reactive oxygen species (ROS), resulting in compromised pluripotency (Liu et al., , 2017 Gong et al., 2018) . Consequently, ESC differentiation is also impaired.
Taken together, these studies suggest that autophagy is essential for maintenance of ESC pluripotency. The autophagic flux level in ESCs is higher than in somatic cells. This high autophagic flux protects the stemness of ESCs by efficiently generating building blocks to facilitate rapid cell proliferation. Alternatively, the high autophagic flux may protect ESCs from oxidative damage to the genome by rapidly removing damaged organelles and abnormal protein aggregates.
(d) Autophagy in somatic cell reprogramming
Induced pluripotent stem cells (iPSCs), which are reprogrammed from somatic cells by ectopic expression of transcription factors, have similar characteristics and functional proprieties to ESCs, and can be used as a powerful tool in developmental biology (Takahashi & Yamanaka, 2006; Wernig et al., 2007) . The stemness of iPSCs is impaired if the autophagy level becomes too high or too low: treatment with bafilomycin (an inhibitor of autophagy) induces cell death, while adding a high concentration of rapamycin (which activates autophagy by suppressing mTOR) facilitates spontaneous differentiation into EBs (Sotthibundhu et al., 2016) . However, treatment with a proper concentration of rapamycin enhances the reprogramming efficiency (Chen et al., 2011) . Consistent with these findings, studies have demonstrated that ectopic expression of the transcription factor SRY-box 2 (Sox2) transiently activates autophagy to induce somatic cell reprogramming by suppressing the activity of mTOR (S. Wang et al., 2013b) .
During the reprogramming process, metabolic switching is an important step. Compared to differentiated cells, pluripotent stem cells have fewer mitochondria and lower levels of associated oxidative phosphorylation, and rely more on glycolysis for energy production (Zhang et al., 2012) . Liu et al. (2016) found that mitochondrial remodelling occurs during somatic reprogramming, and this remodelling is mediated by ATG3-dependent autophagy. Atg3 deficiency results in reduced reprogramming efficiency. Although iPSCs can be obtained from atg3 −/− mouse embryonic fibroblasts (MEFs), they are not healthy and contain many abnormal mitochondria. Like atg3 −/− ESCs, atg3 −/− iPSCs accumulate abnormal mitochondria, and show elevated ROS levels and reduced ATP production, leading to impaired self-renewal and abnormal differentiation. These data clearly show that ATG3-dependent basal autophagy is crucial for pluripotency induction and maintenance. Consistent with these findings, loss of PTEN-induced putative kinase 1 (PINK1), a serine-threonine kinase that specifically participates in mitophagy, also perturbs PSC homeostasis (Vazquez-Martin et al., 2016) .
Another recent study showed that an ATG5-independent non-canonical autophagic process is important for reprogramming of somatic cells. This non-canonical pathway seems to be regulated by AMPK as the upstream signal, and mediates mitochondrial clearance to facilitate metabolic switching and iPSC induction (Ma et al., 2015) .
Taken together, these studies provide evidence that both canonical and non-canonical autophagy play crucial roles in mitochondrial clearance during somatic cell reprogramming and thus contribute significantly to pluripotency induction.
(e) Conclusions
Autophagy is carefully adjusted during early embryonic development. It is triggered by calcium oscillation during fertilization to eliminate paternal mitochondria, which is crucial for maternal cytoplasmic inheritance. Subsequently, autophagic levels first rise and then gradually fall (with or without fluctuation), depending on the species. Atg-deficient mouse models suggest that one of the functions of autophagy in this process is the promotion of new protein synthesis, but the exact mechanisms still await further study.
(2) Autophagy in embryo implantation and embryonic development
Embryo implantation occurs at the blastula stage. At this point, a mature blastocyst breaks out of the zona pellucida, then attaches to and penetrates the endometrium. Embryonic diapause is an interesting phenomenon characterized by a period of delayed implantation. Delayed implantation is considered to be an adaptation to resist nutrient shortage in certain mammals (Lopes, Desmarais & Murphy, 2004) . Some studies have shown that autophagy is involved in this complex process. Lee et al. (2011) found that autophagy is an important protector of dormant blastocysts to extend embryonic longevity, although it may lead to reduced developmental competency of the blastocysts.
Organogenesis is a pivotal process that takes place during embryonic development. Different tissues and organs initiate during the embryonic stage, and undergo further development during the foetal period. Increasing evidence has shown that autophagy plays a role in organogenesis during embryonic development.
(a) Autophagy in extra-embryonic tissues
After implantation, it is necessary for embryos to establish a tight relationship with the maternal uterus in order to obtain nutrients. At this time, the trophoblast differentiates further into the villous trophoblast (VT) and the extravillous trophoblast (EVT). Invasion of the EVT into the uterine wall finally establishes the blood circulation between the foetus and mother. During the early period of pregnancy, the uterus is in a hypoxic and low-nutrient state, which induces autophagy in the EVT (Nakashima et al., 2013 ). An elevated level of autophagy is also observed in early placental tissues and is proposed to play a pro-survival role in resisting apoptotic cell death (Chen, Longtine & Nelson, 2012) . Impairment of autophagy by soluble endoglin weakens the invasion and vascular remodelling ability of EVTs, leading to poor placentation. In support of these findings, another study found that autophagy is highly induced in maternal decidual cells and the placenta (Hiyama et al., 2015) .
During pregnancy, ATG proteins are continuously expressed in the placenta. There is no obvious difference in expression levels of Atg genes in the early, mid-, and late gestation stages. Autophagy is thought to protect cells from deficiency of oxygen and glucose (Hung et al., 2013) . In amniotic epithelial (AE) cells, endocytosis and autophagic activity are enhanced by nutrient limitation (Shen et al., 2008b) . Furthermore, both autophagic and apoptotic cell death can be detected by transmission electron microscopy in AE cells taken from ruptured term amnions, indicating that autophagy contributes to amniotic membrane rupture during labour (Shen et al., 2008a) .
Not every fetus is delivered at the end of a full-term pregnancy, with some pregnancies ending in preterm birth. One of the reasons for this may be BECN1-dependent autophagy. Evidence has shown that deficiency of Beclin1 impairs accumulation of lipid droplets for progesterone production in luteal cells, eventually leading to a preterm labour phenotype (Gawriluk et al., 2014) .
(b) Autophagy in embryonic organogenesis
Neurogenesis is the earliest form of organogenesis during embryonic development. Loss of the ATG protein autophagy and beclin 1 regulator 1 (AMBRA1), a positive regulator of BECN1-dependent autophagy, causes severe neural tube defects including midbrain/hindbrain exencephaly and/or spina bifida at stages E10-E14.5 (embryonic day 10-14.5) (Fimia et al., 2007) . Consistent with these findings, ATG5-dependent autophagy has been shown to regulate neural differentiation. During astrocyte development, ATG5-mediated autophagy promotes astrocyte differentiation by degrading the Janus kinase 2 (JAK2)-signal transducer and activator of transcription 3 (STAT3) inhibitor suppressor of cytokine signaling 2 (SOCS2) (S. Wang et al., 2014a) . Moreover, ATG5 mediates the differentiation and proliferation of cortical neural progenitor cells (NPCs) via the β-Catenin signaling pathway (Lv et al., 2014) . In support of this finding, the ATG protein VPS34 has been shown to contribute to cortical neurogenesis by regulating excitatory neuron migration and axon extension (Inaguma et al., 2016) .
( ii ) Blood. In developing embryos, blood is first generated in the yolk sac. The differentiation of yolk sac-derived embryonic erythroid cells requires elimination of organelles like mitochondria. During this process, mitophagy is upregulated (4.6-fold increase) and decomposed mitochondria can be detected in lysosomes (Takano-Ohmuro et al., 2000) . As the embryos develop further, blood is generated in the foetal spleen and liver. Recent studies have shown that mitochondria in foetal definitive reticulocytes in the liver are engulfed and digested by ULK1-dependent ATG5-independent autophagy (Honda et al., 2014) . These studies indicate that autophagy is required for reticulocyte development during early embryonic developmental stages.
( iii ) Heart. The heart is considered a critically important organ due to its role in pumping blood through the body. Recent studies have shown that myocardial growth is abnormal at the post-implantation stage when Atg13 is depleted. Mechanistic studies found that Atg13 deficiency leads to defective autophagosome formation and facilitates tumor necrosis factor alpha (TNF-α)-induced apoptosis, implying that both autophagic and non-autophagic functions of ATG13 contribute to heart development (Kaizuka & Mizushima, 2015) . In another study, Lee et al. (2014) revealed that Atg5 deficiency leads to abnormal myocardial development. All pups at postnatal day 0 (P0) exhibit an enlarged right atrium, and almost half also had atrioventricular canal defects and abnormal, thickened valves . Together, these data provide supporting evidence that autophagy plays pivotal roles in embryonic cardiac development.
( iv ) Bone. Endochondral ossification is an essential process during the embryonic development of bone tissues. It requires chondrocytes, which are specialized cartilage-producing cells. Autophagosomes have been detected during a brief window of terminal chondrocyte differentiation, and autophagy is induced in a hypoxia inducible factor 1 (HIF1)-dependent manner by regulation of the activities of mTOR and AMPK in a hypoxic environment in the absence of a blood supply (Srinivas, Bohensky & Shapiro, 2009 ). Evidence has shown that autophagy promotes chondrocyte survival under such conditions (Srinivas & Shapiro, 2006; Srinivas et al., 2009) . Furthermore, deletion of the Atg gene Rb1cc1 (encoding FIP200) leads to defective osteoblast terminal differentiation and osteopenia during osteoblast differentiation into bone (Liu et al., 2013) .
( v ) Other organs. In MEFs and primary lung fibroblasts, autophagy is markedly induced by interleukin-2 (IL-2). IL-2 induces autophagy via an ATG5-BECN1-high mobility group box 1 (HMGB1)-dependent pathway that can protect fibroblasts from apoptosis (Kang et al., 2013) . Autophagic genes are also detected in tooth germs during odontogenesis, and LC3 was found to colocalize with the enamel organ and dental papilla, indicating the involvement of autophagy in tooth development . Other studies have shown that autophagy participates in ciliogenesis by regulating the proteins associated with intraflagellar transport (Pampliega et al., 2013) .
(c) Conclusions
Successful implantation results in an embryo initially experiencing a hypoxic and low-nutrient state in the uterus, which drives autophagy in EVT and placental tissues and facilitates placentation. During delayed implantation, autophagy may protect dormant blastocysts, extending their longevity. Autophagy promotes embryonic organogenesis, such as neural tube formation, neural differentiation, reticulocyte development, myocardial growth, chondrocyte survival and differentiation, etc., during early embryonic development. Autophagy is also thought to contribute to amniotic membrane rupture during labour. Given that embryogenesis is a long-term and multi-lineage developmental process, additional efforts should be made to uncover the diverse functions of autophagy and the underlying regulatory mechanisms.
(3) Autophagy in neonates and adults
The transplacental nutrient supply ceases when the developed fetus is delivered. Such sudden nutrient deprivation will represent an extremely harsh stress, and immediately induces a high level of autophagy for 3-12 h until the neonate receives maternal milk (Kuma et al., 2004) . Autophagy is critical for neonatal survival: atg5 −/− mice die within the first day after delivery, even though they appear normal at birth. These atg5 −/− mice are able to survive to birth because they inherit maternal ATG proteins from the oocyte during fertilization. In wild-type mice, autophagy returns to basal levels around 1-2 days after birth.
In adults, autophagy occurs extensively in various organs and tissues. At any given time point, it has many different roles in regulating a range of developmental and homeostatic processes. Mizushima & Komatsu (2011) comprehensively reviewed the role of autophagy in tissue homeostasis and renovation previously, so we restrict our discussion here to a general description of the potential functions of autophagy in adults, and introduce some recent advances in research into adult stem cells.
(a) The potential functions of autophagy in adults
The primary function of autophagy is to degrade self-components to supply energy or to provide building blocks for the synthesis of new materials. This process produces a variety of metabolic substances, such as amino acids, glucose, and fatty acids (Singh & Cuervo, 2011) . Increasing evidence indicates that autophagy is not only activated upon starvation, but also functions under normal physiological conditions, whether locally (tissue-specific effects) or globally (endocrine effects) (Kim & Lee, 2014) .
Autophagy functions in cellular quality control. Autophagy degrades protein aggresomes or damaged organelles to maintain normal cellular function. In the liver, autophagy catabolizes about 1-1.5% of cellular proteins per hour, independent of nutritional status (Mizushima & Komatsu, 2011) . Autophagy deficiency leads to multiple cellular abnormalities, including abnormal mitochondria, accumulated peroxisomes and ubiquitin-positive aggregates in liver (Komatsu et al., 2005) . In Schwann cells, autophagy degrades mutant or misfolded peripheral myelin protein 22 (PMP22) proteins (Fortun et al., 2003) , which are thought to form aggresomes and cause demyelinating peripheral neuropathies. Moreover, autophagy can remove invading intracellular pathogens, including bacteria, viruses, and parasites as a defence mechanism.
Autophagy also participates in cell differentiation and cell-fate determination. For example, autophagy is required for the transition of pro-B to pre-B cells (Miller et al., 2008) . Autophagy-deficient B cells have a diminished capacity to differentiate into plasma cells, show deregulated expression of plasma cell transcription factors and decreased antibody secretion (Conway et al., 2013) .
The functions of autophagy are widespread and alteration of normal autophagy leads to a plethora of diseases, which have been reviewed elsewhere (Mizushima & Komatsu, 2011; Kim & Lee, 2014) . Dysfunction of autophagy in different tissues results in distinct a range of diseases (Saha et al., 2018; Xie & Zhou, 2018) , including neurodegeneration (Xie & Zhou, 2018) , cardiac diseases (Lavandero et al., 2015) , immune diseases (Pengo et al., 2013; Netea-Maier et al., 2016; Hua et al., 2018) , obesity (Zhang, Sowers & Ren, 2018) , tumorigenesis (Kimmelman & White, 2017) ,renal diseases (De Rechter et al., 2016) and oral diseases (Tan, Zhang & Zhou, 2017) , among others.
(b) Autophagy in adult stem cells
Adult stem cells exist in various tissues and organs, and function in tissue repair and regeneration. Increasing evidence indicates that autophagy is essential for adult stem cell self-renewal and differentiation. Autophagy has also been shown to enhance the ability of adult stem cells to resist stress conditions (Salemi et al., 2012) .
( i ) Neural stem cells. Autophagic protein FIP200, but not ATG5, ATG16L1, or ATG7, has been found to be essential for the maintenance and differentiation of postnatal neural stem cells. Loss of FIP200 leads to reduced numbers of neural stem cells and impaired neuronal differentiation capacity of the brain (C. Wang et al., 2013a) . These defects are caused by accumulation of p62/SQSTM1 aggregates, which impairs the function of superoxide dismutase and increases the level of superoxide .
( ii ) Haematopoietic stem cells. Autophagy has been identified as an essential mechanism protecting haematopoietic stem cells (HSCs) from metabolic stress (Warr et al., 2013) . Autophagy-deficient HSCs display impaired self-renewal activity and other features similar to aged HSCs (Ho et al., 2017) . This indicates the involvement of autophagy in maintaining pluripotency and combating aging in HSCs. When the autophagic genes Atg7/Atg12 are conditionally depleted, or mTOR is activated, HSC dysfunction is observed, characterized by mitochondrion accumulation, ROS elevation, DNA damage, etc. (Chen et al., 2009; Mortensen et al., 2011; Ho et al., 2017) . Consequently, HSCs tend to proliferate, differentiate and lose the ability to repair the haematopoietic system. Further mechanistic studies showed that autophagy clears active and healthy mitochondria, allowing HSCs to have a low metabolic rate in order to maintain their quiescence. Most intriguingly, about one-third of old HSCs have a high level of autophagy combined with a low metabolic rate with normal long-term regeneration potency similar to healthy young HSCs (Ho et al., 2017) . These studies suggest that autophagy becomes increasingly necessary with age to maintain the regenerative ability of old HSCs.
( iii ) Hepatic progenitor cells. Hepatic progenitor cells (HPCs) have a higher autophagic activity than differentiated hepatocytes. Inhibition of autophagy in mouse HPCs compromises their ability to undergo self-renewal, proliferation and hepatic differentiation under normal culture conditions, but has little effect on cell viability (Cheng et al., 2015) . Consistent with this finding, autophagy has been identified to promote HPC-mediated regeneration of rat liver in vivo. Damaged mitochondria and ROS accumulate in ATG5-deficient rat HPCs. Furthermore, homologous recombination, which is one of the methods for repairing damaged DNA, is suppressed upon Atg5 depletion in rat HPCs. These results suggest that autophagy maintains the stemness of HPCs and protects them from DNA damage (Xue et al., 2016) .
( iv ) Other adult stem cells. Autophagy is constitutively active in human mesenchymal stem cells (MSCs) at a high level. Inhibition of autophagy by knockdown of Bcl2l1 inhibits the survival and promotes the differentiation of MSCs, indicating the importance of autophagy in pluripotency regulation in MSCs (Oliver et al., 2012) . In addition, it was reported that more autophagosomes co-localized with old mitochondria during the division of human mammary stem-like cells. This demonstrates that mitochondrial quality control, mediated by mitophagy, is crucial for the asymmetrical division of stem cells and for preserving the stemness of daughter cells (Katajisto et al., 2015) . In muscle stem cells (satellite cells), autophagy is essential for maintaining their quiescent state and preventing senescence, similar to HSCs. This suggests that autophagy may be part of a common strategy for maintaining adult stem cell pools in vivo (Garcia-Prat et al., 2016) .
(c) Conclusions
Autophagy is important in neonatal survival; it occurs at a high level immediately following birth until the neonate obtains a dietary source of nutrition. In adults, autophagy takes place in various organs with different roles. Its potential functions include the supply of energy or new building blocks, cellular quality control, cell differentiation, and cell fate determination, among others. Autophagy also functions in adult stem cell self-renewal and differentiation, and may protect adult stem cells from metabolic stress, DNA damage, and help to maintain a quiescent state to prevent senescence. Disruption of the autophagic balance leads to numerous diseases. Thus, an in-depth understanding of autophagy will help us to understand and fight such diseases.
(4) Autophagy in gametogenesis
Mammalian gametogenesis is an essential process by which diploid gametocytes undergo meiosis to form mature haploid gametes. It is a key process required in mammalian sexual reproduction, as haploid gametes are essential for creating a stable diploid genome upon fertilization.
(a) Autophagy in folliculogenesis
In the mammalian ovary, most follicles undergo atresia and/or apoptosis, and only a small population undergoes maturation and ovulation. A few studies have demonstrated that autophagy is involved in folliculogenesis (Choi et al., 2011) , which is vital for oocyte development. During ovarian development, KIT proto-oncogene receptor tyrosine kinase (KIT) promotes autophagy by activation of the PI3K-AKT serine/threonine kinase (AKT)-mTOR pathway, and inhibition of PI3K-AKT-mTOR results in dramatically decreased generation of germ cells (Adhikari et al., 2010; Gawriluk et al., 2011) . Further mechanistic studies have shown that IL-33, a member of the IL-1 cytokine family, is responsible for the rapid clearance of cellular waste generated during follicular atresia by inducing autophagy . Thus, autophagy has been proposed to be essential for maintaining the pool of dormant female germ cells. Consistent with this finding, studies have shown that autophagy maintains the primordial follicles in a dormant state by the suppression of mTORC1 activity (Reddy et al., 2008; Choi et al., 2010) .
(b) Autophagy in spermatogenesis
Autophagy components have been detected in rat spermatocytes, indicating the involvement of autophagy in spermatogenesis (Bustamante-Marin et al., 2012) . In support of this, autophagy was reported to be activated during spermatogenesis in the horse (Gallardo Bolanos et al., 2012) . Such autophagy was proposed to protect spermatogenesis by improving spermatocyte survival (Kanninen, de Andrade Ramos & Witkin, 2013) .
Recent studies have revealed that many ATG proteins like LC3, ATG5, PINK1, and p62 are highly expressed in human spermatozoa, especially in the middle piece of the tail where mitochondria are located . Autophagy is thought to be crucial for sperm survival and motility. Inhibition of autophagy resulted in reduced ATP generation, decreased intracellular calcium concentration, and compromised motility and viability of spermatozoa .
The acrosome is an important structure facilitating penetration of sperm into the egg. Evidence has shown that acrosome biogenesis requires ATG7-dependent autophagy. Sperm lacking ATG7 fail to form intact acrosomal vesicles, and this results in irregular or nearly round-headed spermatozoa, and fertilization failure (H. Wang et al., 2014b) . These data suggest that autophagy plays a pivotal role in normal acrosome development.
(c) Conclusions
Autophagy contributes to both folliculogenesis and spermatogenesis. Autophagy may function in the rapid removal of cellular waste generated during follicular atresia and help to maintain the pool of dormant female germ cells. It protects spermatogenesis by improving spermatocyte survival and functioning in sperm motility. Autophagy is also required for acrosome biogenesis, which is pivotal for successful fertilization. Future studies should attempt to delineate other contributions of autophagy to spermatogenesis.
IV. CONCLUSIONS
(1) Although autophagy was first identified as a cellular stress responder, increasing evidence suggests that it carries out normal physiological roles during the life of mammals, and participates in precise regulation of the growth, development, and aging of organisms.
(2) Autophagy functions locally and specifically in different tissues, and is likely to influence tissue development in different ways. As a result, when autophagy is impaired, distinct differentiating tissues may appear to display diverse autophagy-related phenotypes, even though they are at the same developmental stage.
(3) Autophagy plays distinct functions in adult stem cells and pluripotent stem cells. It maintains HSC quiescence by clearing active and healthy mitochondria to keep the cells in a state of reduced metabolism. By contrast, a high autophagic flux in ESCs ensures that they have a high metabolic rate to sustain their self-renewal properties and pluripotency.
(4) Further efforts are required to examine the roles of autophagy systematically in the mammalian life cycle. The mechanisms underlying differential functions of autophagy during development also require investigation. Such information will provide a deeper understanding of developmental biology, and new targets to treat diseases or to modulate the differentiation of pluripotent stem cells in vitro. 
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